Abstract: Nowadays, new materials with enhanced tribological properties are required to fulfil the new demanding working conditions of more efficient and eco-friendly industrial processes. To achieve this goal, we propose the addition of graphene nanofillers, a very attractive self-lubricating solid, to ceramic materials for improving their tribological responses. As proof of concept, here we present the role of the graphene nanoplatelets (GNPs) on the friction and wear resistance of two different graphene/ceramic nanocomposites, in particular, GNPs/silicon nitride and GNPs/silicon carbide materials. The tribological tests evidence that GNPs are ideal nanofillers to increase the wear resistance, especially under high contact pressures, because the nanoplatelets are exfoliated during the sliding motion and lead to the formation of a carbon-based protecting film; whereas the benefits on the friction depend on the tribo-testing conditions.
INTRODUCTION
Silicon nitride (Si 3 N 4 ) and silicon carbide (SiC) are non-oxide ceramics with remarkable tribological and mechanical properties [1, 2] . Based on those properties, they are used in many technological applications under severe operational conditions, such as bearings, valves or cutting tools, where friction and wear processes predominate. However, the new demanding working requirements to fulfil the goals for reaching more efficient and eco-friendly industrial processes need the searching of materials with enhanced friction and wear resistance performances. To attain this goal, we propose the development of graphene/non-oxide ceramic nanocomposites [3, 4] , considering that graphene has proposed as an excellent tribofiller to improve the tribological behaviour of different kind of materials, especially in the case of polymer composites [5] .
This work analyses the tribological properties of graphene/Si 3 N 4 and graphene/SiC ceramic nanocomposites. Isooctane lubrication has been employed for testing graphene/Si 3 N 4 nanocomposites looking for their potential use in gasoline direct injection (GDI) systems. These engines are more fuel efficient and lower contaminant than the conventional ones, although, conversely, the mechanical and tribological requirements are more severe. In addition, the tribological performance of graphene/SiC nanocomposites has been investigated under dry testing conditions as a function of the graphene content.
EXPERIMENTAL
Si 3 N 4 nanocomposites containing 4.4 vol. % of graphene nanoplatelets (GNPs) and GNPs/SiC compositions containing 5, 10 and 20 vol. % of GNPs were prepared. Shortly, the nanoplatelets and the ceramic powder composition, in particular, Si 3 N 4 or SiC plus 2 wt. % of Al 2 O 3 and 5 wt. % of Y 2 O 3 , both oxides used as sintering additives, were individually dispersed in alcohol media and, then, mixed, sonicated and mechanical stirred. Disc specimens (Ø = 20 mm, h = 3 mm) for all compositions were fully densified by employing the Spark Plasma Sintering (SPS) technique at temperatures ranging from 1625 to 1800 ºC and a maximum holding time of 5 min. The SPS tests were carried out 102 under vacuum atmosphere (6 Pa) and a uniaxial pressure of 50 MPa was applied during the heating ramp. Si 3 N 4 and SiC blank specimens were equally processed for comparison.
Isooctane lubricated and dry reciprocating ball-on-plate tests were carried out for GNPs/Si 3 N 4 and GNPs/SiC nanocomposites, respectively, using Si 3 N 4 balls as counterbodies. The sliding tests were conducted at 25 ± 3 ºC with the following parameters: stroke length of 2.5 mm, frequency of 20 Hz (0.1 m·s -1 ), sliding distance of 360 m, and normal applied load of 50-200 N, for GNPs/Si 3 N 4 , and 5 N, for GNPs/SiC. It is important to remark that GNPs are aligned within the nanocomposites with their ab plane perpendicular to the SPS pressing axis, and the tested material surface is also perpendicular to that axis. Data collected in the present work correspond to the average value of a minimum of three experiments. The steady-state friction coefficient (µ ss ) was estimated within the 250-360 m sliding distance interval. The wear volume (W V ) was calculated from the depth and the diameter of the wear scars [6] . Besides, the wear rate (W R ) was assessed using the following equation: W R =W V /(F N ·s), considering that F N is the normal force and s the sliding distance. The tested surfaces were analysed by field emission scanning electron microscopy (FESEM) and micro-Raman spectroscopy using the 532 nm laser wavelength excitation.
RESULTS AND DISCUSSION
The manufactured GNPs-based nanocomposites presented a very good dispersion of the graphene sheets into the ceramic material (see an example in Figure 1 ). In addition, the GNPs did not suffer any damage after SPS process, and appeared preferentially orientated with their ab plane perpendicular to the SPS pressing axis. 
Tribological response of GNPs/Si 3 N 4 nanocomposites
The friction response of the GNPs/Si 3 N 4 nanocomposite and the reference Si 3 N 4 material is plotted in Figure 2 a. At the lowest load (50 N), µ ss value assessed for the nanocomposites was higher (0.23) than for the monolithic ceramic (0.19). These differences could be explained by the nanoplatelets alignment within the nanocomposite that would create continuous surface modifications when the counterpart slides along GNPs-ceramic interface and, hence, the friction would augment. Interestingly, the situation was reverted at the maximum load (200 N), the nanocomposite leading to an 11 % lower µ ss value (0.16) as compared to Si 3 N 4 . As a result, it can be concluded that GNPs act as solid lubricant once a load threshold is exceeded. Furthermore, Figure 2 a shows that µ ss continuously diminished with the load when GNPs were incorporated to the ceramics, with a substantial decrease of ~ 32 %. Concerning the wear response (Figure 2 b) , an overall augment of the W V with the load was observed for both tested materials, although the increment was considerably lower for the nanocomposites. Figure 3 collects the tribological response of the GNPs/SiC nanocomposites versus the GNPs content.
Tribological response of GNPs/SiC nanocomposites
Graphene led just to a slight steady-state friction reduction of 6-10 % for 10 vol. % GNPs/SiC and 5 vol. % GNPs/SiC nanocomposites ( Fig. 3 a) ; whereas µ ss increased for 20 vol. % GNPs/SiC material. In contrast, the wear resistance of the plates significantly enhanced with the graphene content (Fig. 3 b) . Actually, W V decreased from 0.11 mm 3 , for SiC, to 0.03 mm 3 , for the 20 vol. % GNPs/SiC nanocomposite, which corresponds to a 70 % better wear performance for the latter material. A similar trend was observed for W R behaviour, diminishing from 1. 
Wear mechanisms
To go in depth into the role played by the graphene in the friction and wear behaviour as well as in the mechanism of debris formation, an extensive study of the wear debris was carried out by micro-Raman spectroscopy. Figure 4 a shows the Raman spectra for GNPs/Si 3 N 4 and GNPs/SiC nanocomposites, where the bands associated to the ceramics and graphene-based species (D, G, and 2D) are clearly identified. From those bands, 2D false coloured debris maps were created. In the case of GNPs/Si 3 N 4 nanocomposites (Figs. 4 b, c) , cyan and red bits correspond to the location of graphitic-and Si 3 N 4 -based particles, respectively; while for GNPs/SiC materials (Figs. 4 d-f) , features in the Raman images with a high intensity of the SiC particles are coloured in cyan, and those in red are linked to graphene sheets.
Regarding the GNPs/Si 3 N 4 nanocomposites, the debris (cyan plus red features) content on the tested surface at 50 N is limited (Figure 4 b) and they are mostly composed of pulled-out Si 3 N 4 grains (red areas) that produced almost a negligible effect in the µ ss reduction (Figure 2 a) . As the load increased (200 N), the panorama considerably changed and now debris formed a coating on the wear track In this particular case, it seems that the amount of Si 3 N 4 -based debris is comparable to that occurred at 50 N, but the quantity of graphitic-based debris (cyan) significantly increased. As a result, the wear performance of the nanocomposites was managed by the formation of a carbon-based film on the tested surface that is fed by the permanent exfoliation of the graphene sheets, leading to a great reduction of the wear volume.
In the case of GNPs/SiC nanocomposites (Figs. 4 d-f ), the area covered by graphene-based structures (red features) progressively augments in the worn surfaces with rising graphene content, proving an increasing graphene pulling-out with the filler content and a more pronounced nanoplatelet exfoliation degree. This fact leads to a more wear protecting carbon-based tribofilms and, hence, W V considerable decreased (Fig. 3 b) . However, a larger GNPs exfoliation did not entail lower friction (Fig. 3 a) , which could be explained because the tribofilm of the 20 vol. % GNPs/SiC composite is, at the same time, more mechanically instable and cracked, leading to a rougher film. The monolithic SiC contains ~ 3 vol. % of graphene multilayers, which were grown in-situ at the SiC grain boundaries during the SPS process, as it was previously reported by Miranzo et al. [7] . However, the in-situ graphene multilayers are strongly anchored to the SiC matrix and they are not oriented as in the rest of nanocomposites and, therefore, they participate less actively in the protecting tribofilm than GNPs. 
CONCLUSIONS
The results confirm that GNPs/ceramics nanocomposites present an outstanding tribological response. In the case of GNPs/Si 3 N 4 materials, GNPs reduce the friction under high contact pressures, and, in particular, augment the wear resistance of nanocomposites up to ~60 % as compared to the reference material. The tribological behaviour of SiC nanocomposites containing different amounts of graphenebased sources demonstrates the important role played by graphene as wear resistant filler. Wear resistance of SiC ceramics significantly enhances with the addition of GNPs, with a maximum wear resistance improvement of ~ 70 % for GNPs contents up to 20 vol. %.
The tribological performance of the GNPs nanocomposites is linked to the ability of the graphene fillers to be pulled-out and exfoliated from the matrix, creating a wear protecting graphene-based tribofilm. The friction and wear resistance behaviour of these nanocomposites encourages their use in GDI engines.
